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Abstract niques. However, efficient evaluations of this new design
technique in a rigorous and quantitative fashion is stil ig
Coupling is an internal software attribute that can be nored during the current stage of the technical develop-
used to indicate the degree of interdependence among thenent. For example, it has been frequently claimed that
components of a software system. Coupling is thought toapplying an AOSD method will eventually lead to qual-
be a desirable goal in software construction, leading te bet ity software, but unfortunately, there is little data to sup
ter values for external attributes such as maintainahility port such claim. Aspect-oriented software is supposed to
reusability, and reliability. Aspect-oriented softwarewvel- be easy to maintain, reuse, and evolution, yet few quantita-
opment (AOSD) is a new technique to support separation oftive studies on maintenance, reuse, and evolution have been
concerns in software development. In aspect-oriented (AO)conducted, and measures to quantify the amount of mainte-
systems, the basic components are aspects or classes, whialance, reuse, and evolution in aspect-oriented software ar
consist of attributes (aspect or class instance varialées) lacking. In order to verify claims concerning the maintain-
those modules such as advice, intertype declarationstpoin ability, reusability, and reliability of software develeg us-
cuts, and methods. Thus, in AO systems, the coupling iSng aspect-oriented techniques, software measuremesat too
mainly about the degree of interdependence among aspectare required.

and/or classes. To test this hypothesis, good coupling mea- A with object-oriented systems [16], we wish to be able
sures for AO systems are needed. In this paper, we pro-g rejate some internal attributes of an AO system such as
pose a coupling measure suite for assessing the coupling ingspect-oriented structural quality to some externalatteis
aspect-oriented systems. We first present a coupling framexyf the system such as maintainability, reusability, and rel
work for AO systems which specially designed to count thegpjlity. We therefore need appropriate measures of aspect-
dependencies between aspects and classes in the systemgyjented structure to begin to build such kinds of relations
Based on this framework, we formally define various cou- coypling is an internal software attribute that can be used
pling measures in terms of different types of dependenciesg jndicate the degree of interdependence among the com-
between aspects and classes. We also discuss the mathgpnents of a software system. It has been recognized that
matical properties of these measures. good software design should obey the principle of low cou-
pling. A system that has strong coupling may make it
more complex because it is difficult to understand, change,
and correct highly interrelated components in the system.

Aspect-oriented software development (AOSD) is a new Recently, many coupling measures and several guidelines
technique to support separation of concerns in software det0 measure coupling of a system have been developed for
velopment [3, 12, 14, 17]. The techniques of AOSD make Object-oriented systems [7, 10, 5, 4].
it possible to modularize crosscutting aspects of a system. Inan aspect-oriented (AO) system, the basic units are as-
Like objects in object-oriented software development, as- pects and classes. An aspect with its encapsulation of state
pects in AOSD may arise at any stage of the software life (attributes) with associated modules such as advice,-inter
cycle, including requirements specification, design, eapl type declarations, pointcuts, and methods (operatiore) is
mentation, etc. Some examples of crosscutting aspects arsignificantly different abstraction in comparison to thass
exception handling, synchronization, and resource sharin within object-oriented systems. An aspect may also inter-

The current research so far in AOSD is focused on prob- act with one or more classes in many ways through advice,
lem analysis, software design, and implementation tech-inter-type declaration, pointcut, and method call. Thas, i

1 Introduction



AO systems, the coupling is mainly about the degree of in- tems. We believe that our ideas are independent of AspectJ
terdependence among aspects and classes. To test this hgnd are generally applicable to the class of AOP languages.
pothesis, appropriate coupling measures for AO systems are - zgpectj [13] is a seamless aspect-oriented extension to
needed. Moreover, in order to measure 'the cquplmg of anj,ya by adding some new concepts and associated con-
aspect-oriented system, we should consider differenstype gy,cts These concepts and associated constructs aé call

of interactions between asp'ects and classgs in the system. join points, pointcut, advice, inter-type declarationdas-
However, although coupling has been widely studied for o

object-oriented systems [5, 4, 7, 10], it has not been stud- , o

ied for AO systems yet. Moreover, existing approaches to | "éa@spects the modular unit of crosscutting implemen-

measuring the coupling of object-oriented systems can nottation. Each aspect encapsulates functionality that cutss

be directly applied to aspect-oriented systems since an AQPtNer classes in a program. An aspect can be instantiated,
system contains some new types of interactions between astan contain states and methods, and also may be specialized

pects and/or classes that may have great impact on the couith subaspects. An aspect is combined with the classes it
pling of the system. It is therefore of interest to develop crosscuts according to specifications given within the as-

new coupling framework and new coupling measures based?€ct: Moreover, an aspect can useirter-type declara-
on this framework for AO systems. tion construct to declare fields, methods, and interface im-

In this paper, we propose a measure suite for assessPlementation declarations for classes. Declared members
ing the coupling in AO systems. We first present a cou- may be made visible to all classes and aspects (public inter-

pling framework for AO systems which specially designed YP€ declaration) or only within the aspect (private inter-
to count the dependencies between aspects and classes HP€ declaration), allowing one to avoid name conflicts with
the system. Based on this framework, we formally define Pre-existing elements.
various coupling measures in terms of different types of de- A central concept in the composition of an aspect with
pendencies between aspects and classes. We also discusther classes is calledjain point A join point is a well-
the mathematical properties of these measures. defined pointin the execution of a program, such as a call to
Because aspect-oriented paradigm significantly differenta method, an access to an attribute, an object initiali@atio
from object-oriented paradigms, we really need to develop aan exception handler, etc. Sets of join points may be rep-
notion of coupling for AO systems, which is an indicator of resented byointcuts implying that such sets may crosscut
the degree to which the components in the system interacthe system. Pointcuts can be composed and new pointcut
each other. We hope that by examining the ideas of thedesignators can be defined according to these combinations.
coupling in aspect-oriented systems from several differen AspectJ provides various pointcdésignatorghat may be
viewpoints and through independently developed measuresgcombined through logical operators to build up complete
we can have a better understanding of what the coupling isdescriptions of pointcuts of interest [2].

meant in AO systems and the role that coupling plays in  an aspect can specifydviceto define code that executes
the development of quality aspect-oriented software. Asth \ hen a pointcut is reached. Advice is a method-like mech-

first step to study the coupling in aspect-oriented systeéms,  5nism which consists of instructions that execwore af-
this paper we would like to provide a sound and formal basis o or arounda pointcut. Around advice executizsplace
for coupling measurement in AO systems before applying it o he indicated pointcut, allowing a method to be replaced.

to real aspect-oriented system design. . ,
The rest of the paper is organized as follows. Section 2 AN AspectJ program can be divided into two paliase
code which includes classes, interfaces, and other stan-

briefly introduces AspectJ, a general aspect-oriented pro-

gramming language based on Java. Section 3 defines &ard Java constructs andpect codevhich implements the
terminogy for an AO system. Section 4 presents a cou- €rosscutting concerns in the program. Any AspectJ imple-

pling framework for defining coupling measures for AO mentation must ensure that the aspect and base code run

systems. Section 5 defines a coupling measure suite base@9€ther in a properly coordinated fashion. The key com-
on the framework presented in Section 4. Section 6 studieg?Onent is theaspect weavewhich ensures that applicable
the mathematical properties of the proposed coupling mea-2dVice runs at the appropriate join points.

sures. Section 7 discusses some related work. Concludin% .
remarks are given in Section 8. xample. Figure 1 shows an Aspect]J program taken

from [2] that associates shadow points with ev-
2 Aspect-Oriented Programming and As- ery Poi nt object. The program contains one as-
pectJ pect Poi nt ShadowPr ot ocol and two classes
Poi nt and Shadow. The aspect has three methods
In this paper we use AspectJ [2] as our target language toget ShadowCount, associ ate and get Shadow,
show the basic ideas of coupling measurement in AO sys-and three pieces of advice related to pointgasti ng,



public class Point { aspect PS _Protocol {

protected int x, y; private int shadowCount = O;
publlc Point(int _x, int _y) { public static int getCount() {
= _X; return PS_Protocol.aspect O (). shadowCount ;
y =y
} private Shadow Poi nt. shadow,
public int getX() { public static void associate(Point p, Shadow s){
return x; p. shadow = s;
} }
public int getY() { public static Shadow get Shadow( Poi nt p) {
return y; return p.shadow,
public void setX(int _x) {
X = _X; pointcut setting(int x, int y, Point p):
} args(x,y) && call(Point.new(int,int));
public void setY(int _y) { poi ntcut settingX(Point p):
y = _y; target (p) && call (void Point.setX(int));
poi ntcut settingY(Point :
public void printPosition() { target(p) && call(void Point.setY(int));
System out . printl n("Poi nt
at ("Hx+", Ay +) ") after(int x, int y, Point p) returning :
} setting(x, vy, p) {
public static void main(String[] args) { Shadow s = new Shadow(x, Y);
Point p = new Point(1,1); associ ate(p, s);
p.set X(2); shadowCount ++;
p.setY(2); }
after(Point p): settingX(p) {
} Shadow s = new get Shadow( p) ;
cl ass Shadow { s.Xx = p.getX() + Shadow. of fset;
public static final int offset = 10; p- printPosition();

public int x, y; s.printPosition();

}
; after(Point p): settingY(p) {
Sh?ﬂio;v(lx t: ; it y) o Shadow s = new get Shadow p);
this.y =y s.y = p.getY() + Shadow. offset;
public void printPosition() { p. printPosition();
Syst em out pri nt| n(" Shadow at S.printPosition();
(XA, Ay ) ) | , }
}

Figure 1: A sample AspectJ program.

settingX and settingY respectively. The aspect 3 Terminology
also has two attributeshadowCount andshadow such

that shadowCount is an attribute of the aspect itself
andshadow s an attribute that is privately introduced to
classPoi nt . Through the rest of the paper, We use this
example program to demonstrate our basic idea of coupling
measurement for AO systems. 3.1 System

In order to formally define our coupling measures in AO
systems, we define a terminology for an AO system, which
is based on a similar terminology used in [4] for object-
oriented systems.

In the rest of the paper, we assume that an aspectis com- Our AO systems considered in this paper are composed
posed of attributes (aspect instance variables), and modof aspectsandclasses We do not consideinterfacesbe-
uleg such as advice, intertype declarations, pointcuts andcause they can be handled similarly with classes.

methods.
Definition 1 (AO System) An AO systent consists of a

set of aspectsd(S) and a set of classe€(S).

In an AO system, there may exist some inheritance re-
'Unlike a method that has a unique method name, advice in Abpec |ationships between aspects and/or classes. Here, we focus

has no name. So for easy expression, we use the name of apdoiic 4y on the inheritance relationships between aspects and
stand for the name of advice it associated with.

2For unification, we use the word a “module” to stand for a piete classes.
advice, an intertype declaration, a pointcut, or a methadaded in an o
aspect. Definition 2 (Ancestors of an Aspect)Let S be an AO



system. For each aspeete A(S), let Ancestors(a) C
C'(S) be the set of ancestor classesiof

e Foreach methodh € A(a), the set ofinvoked methods
of m is denoted a$' 7 M (m) such that ifm' € M(c)
and the body ofn has a method invocation where’
is invoked for an object of, thenm' € STM (m).

In an AO system, an aspect contains several types ofpefinition 6 (The Number of Method Invocations) Let

module, i.e.,advicg intertype declaration pointcut and S be an AO systemy € A(S) be an aspect of, and
methodand a class contains only one type of module called . ¢ () be a class of.

method

3.2 Modules

e For each piece of advica € A(a), NSI(a,m) is
the number of method invocationsmfby « such that
m € SIM («) andm is invoked for an object af.

Definition 3 (Modules of an Aspect or a Class)Let S be
an AO system. For eaah € A(S), let A(a) be the set of
advice ofa, Z(a) be the set of intertype declarations @f
P(a) be the set of pointcuts af and M(a) be the set of
methods ofi, and M,;;(a) be the set of all modules af
For eachc € C(S), let M(c) be the set of methods af

e For each intertype declaratione Z(a), NSI(i,m)is
the number of method invocationsmfby i such that
m € SIM (i) andm is invoked for an object af.

e For each pointcup € A(a), NSI(p,m) is the num-
ber of method invocations of by p such thatm €
SIM (p) andm is invoked for an object aof.

In an AO system, advice, intertype declaration, pointcut,
or method may have a set of parameters that may also in-
fluence coupling measurement. So we define this issue as
follows. e For each methodn' € A(a), NSI(m',m) is the
number of method invocations of by m' such that
m € SIM(m') andm is invoked for an object of.

3.4 Attributes

Definition 4 (Parameters) Let S be an AO system. For
eacha € A(S),i € Z(S), p € P(S), orm € M(S),
let Par(«) be the parameters of adviee Par(i) be the
parameters of intertype declaratian Par(p) be the pa-
rameters of pointcup, and Par(m) be the parameters of
methodm.

In AO systems, aspects and classes contain attributes that
are either inherited or newly defined. Attributes are for-
mally defined as follows:

3.3 Module Invocations Definition 7 (Attributes of Aspects and Classes)Let S

In AO systems, modules such as advice, intertype dec-P€ an AO system. For eaehe A(S), let A”(a) be the set
larations, and methods in an aspect may invoke other mod-Of attributes of aspeat. For eachc € C'(S5), let A" (c) be
ules of some classes. To measure coupling of an aspect, it i€ set of attributes of class
necessary to define the set of modules that a piece of adviceg .5  Types
an intertype declaration, or a method of the aspect invokes.

Also we should define the frequency of these invocations. ~ Attributes and parameters contains types that all can con-

tribute to coupling measurement of AO systems. The AO
programming languages provide built-in types and support
users to define new aspect and class types as well as tradi-
tional types. In AspectJ, the type of an attribute or param-
eter either is an aspect, a class, a built-in type or a user-
defined type. Therefore, the sEtof available types in an

AO system is defined as follows:

Definition 5 (The Set of Invoked Methods) Let S be an
AO systemg € A(S) be an aspect of, andc € C(S)
be aclass of.

e For each piece of advicer € A(a), the set of in-
voked methods af is denoted asS7M («) such that
if 3m € M/(c) and the body ot has a method in-

vokation wheren is invoked for an object of, then
m € SIM(a) .

For each intertype declaratioh € Z(a), the set of in-
voked methods of is denoted asS7M (i) such that
if 3m € M(c) and the body of has a method in-
vokation wheren is invoked for an object of, then
m € STM (i) .

For each pointcup € P(a), the set of invoked methods

of p is denoted asSTM (p) such that ifdm € M(c)
and the body of has a method invokation whete is
invoked for an object of, thenm € SIM (p) . p

Definition 8 (Available Types) Let S be an AO system.
The setT’ of available types i isT = Ty; U Tyyq U T,
whereTy; is the set of built-in types provided by the pro-
gramming languageT, 4 is the set of user-defined types,
andT. is the set of class types.

We next denote the type of attributes and parameters.

Definition 9 (Types of Attributes and Parameters) Let

S be an AO systemy; € A%(a) be an attribute of aspect
a, andy € A*(¢) be an attribute of class. The type of
x is denoted byi'(z) € T and the type ofy is denoted by
T(y)eT.



4 Coupling Framework for Aspect-Oriented
Systems

We next present our coupling framework for AO systems
which is a basis for defining coupling measures for AO sys-
tem. Our framework focuses on coupling caused by de-
pendencies that occur between aspect and class in an AO
system, and therefore can handle issues of coupling mea-
surement that are specific to AO systems.

Dependence between aspects and classes is a key point
to determine the mechanism by which an aspect and a class
are coupled. Here, we identify different types of dependen-
cies that can be used to determine if a particular type more
accurately indicates fault likelihood. In the followingew

describe these types of dependencies between aspects and

classes, which we caldlspect-class dependenci@s define
coupling measures in AO systems in Section 5, we also give
the formal expressions for these dependencies.

Definition 10 (Attribute-class dependence)There is an
attribute-class dependence between aspeahd classc,

if ¢ is the type of an attribute of. The number of attribute-
class dependencies fraarto ¢ can formally be represented

as
T) = (’}‘

Definition 11 (Module-class Dependencelet S be an
AO systemg € A(S) be an aspect of, andc € C(S)

be a class ofS. There are four types of module-class de-
pendencies that can be defined as follows:

AtC(a,c) ={ = |z € A*(a) AT(

e Advice-class dependence:
There is an advice-class dependence betweamd
¢, if ¢ is the type of a parameter of a piece of advice
a of a, or c is the return type ofx. The number of
advice-class dependencies frano ¢ can formally be
represented as

AC(a,c) = Z ‘{ x|z € Par(a) AT

acA(a)

z) = c}|

¢ Intertype-class dependence:
There is an intertype-class dependence betweand
¢, if ¢ is the type of a parameter of an intertype decla-
ration i of a, or c is the return type of. The number of
intertype-class dependencies franto ¢ can formally
be represented as

IC(a,c) = Z |{:c\:c € Par(i) AT

i€Z(a)

z) = c}|

e Method-class dependence:
There is a method-class dependence betwesmd ¢,
if ¢ is the type of a parameter of a methodof a, or

c is the return type ofn. The number of method-class
dependencies from to ¢ can formally be represented
as

MC(a,c) = Z |{ 2|2 € Par(m) AT

meM(a)

(2) =},

e Pointcut-class dependence:

Let p be a pointcut of aspeet. There is a pointcut-
class dependence betweeandec, if c is the type of a
parameter of a pointcyt of a. The number of pointcut-
class dependencies fromto ¢ can formally be repre-
sented as

PC(a,c) = Z { |z € Par(p) A

pEP(a)

T(z) = c}|

Definition 12 (Module-method Dependence) etS be an
AO systemg € A(S) be an aspect of, andc € C(S) be

a class ofS. There are four types of module-method depen-
dencies betweemandc that can be defined as follows:

e Advice-method dependence:

There is an advice-method dependence betwesrd

¢, if a piece of advicex of a directly invokes a method

m of c. The number of advice-method dependencies
froma to ¢ can formally be represented as

=2 2

a€A(a) meM(c)

NSIam‘

Intertype-method dependence:

There is an intertype-method dependence between
andc, if an intertypei of a directly invokes a method

m of ¢. The number of intertype-method dependencies
froma to ¢ can formally be represented as

> Z (NSI(i,m)|

i€Z(a) meM(c

IM(a,c) =

Method-method dependence:

There is a method-method dependence betwesrd

¢, if a methodm of a directly invokes a methoah’ of

c¢. The number of method-method dependenciesdrom
to ¢ can formally be represented as

ZZ

meM(a) m'€M(c

(NSI(m, m)|

Pointcut-method dependence:
There is a pointcut-method dependence betvesmmd
¢, if a pointcutp of a contains at least one join point
that is related to a methoeh of ¢. The number of
pointcut-method dependencies fratto ¢ can formally
be represented as

>

pEP(

PM/(a,c) = Z NSIpm|

a) meM(c



Definition 13 (Aspect-inheritance dependence)here is

an aspect-inheritance dependence between aspeutd
classe, if ¢ is an ancestor of;. The number of aspect-
inheritance dependencies from a to ¢ can formally be rep-

resented as
Al(a,c) =|[{ x| = € Ancestors(a

)}

Example 1 For the example program showed in Figure 1,
Leta be apsecPS_Pr ot ocol andc be classPoi nt , we
can obtain the following dependencies betwe@md ..

e AtC(a,c) =0, AC(a,c) =3,IC(a,c) =0
e MC(a,c) =2,PC(a,c) =3, AM(a,c) =9
e IM(a,c) =0, MM(a,c) =0, PM(a,c) =3

5 Coupling Measures for Aspect-Oriented
Systems

e Method-class dependence measure can be defined as
follows:

Z MC(a,c)

ceC(S)

dnvcla

counts all method-class dependencies between aspect
a and some classes .

e Pointcut-class dependence measure can be defined as

follows:
Z PC(a,c)
ceC(S)

dpc(a

counts all pointcut-class dependencies between aspect
a and some classes .

Definition 16 (Module-Method dependence Measure)
Let S be an AO systemy € A(S) be an aspect oF,

andc € C(S) be a class ofS. There are four types of
We next define our coupling measure suite that imple- module-method dependence based coupling measures can
ments the coupling framework presented in Section 4. Ourbe defined as follows:

coupling measures are defined on counting, for each as-
pecta, the number of dependencies betweeand some
classes, i.eattribute-class module-classmodule-method
andaspect-inheritancdependencies.

Definition 14 (Attribute-Class dependence Measure)
LetS be an AO systenu, € A(S) be an aspect of, and

c € C(S) be a class ofS. Attribute-class dependence
measure can be defined as follows:

Z AtC(a,c)

ceC(S)

datc(a

counts all AtC-dependencies between aspeand some
classes inS.

Definition 15 (Module-Class dependence Measure)

Let S be an AO systemy € A(S) be an aspect of,
andc € C(S) be a class ofS. There are four types of
module-class dependence based coupling measures that
can be defined as follows:

e Advice-class dependence measure can be defined as

follows:
Z AC(a,c)
ceC(S)

counts all advice-class dependencies between agpect
and some classes .

dac(a

¢ Intertype-class dependence measure can be defined as

follows:
Z IC(a,c)

ceC(S)

counts all intertype-class dependencies between as-
pecta and some classes .

(S[(j((l) =

e Advice-method dependence measure can be defined as
follows:

danm(a

Z AM (a,c)

ceC(S)

counts all advice-method dependencies between as-
pecta and some classes .

¢ Intertype-method dependence measure can be defined
as follows:

Z AM (a,c)

ceC(S)

drm(a

counts all intertype-method dependencies between as-
pecta and some classes .

e Method-method dependence measure can be defined as
follows:

dum(a)= Y MM(a,c)
ceC(S)

counts all method-method dependencies between as-
pecta and some classes .

e Pointcut-method dependence measure can be defined
as follows:

dpm(a

Z PM(a,c)

ceC(S)

counts all pointcut-method dependencies between as-
pecta and some classes .



Definition 17 (Aspect-Inheritance dependence Measure) e The coupling ofa is null if Dep(a) is empty, i.e.,

Let S be an AO systeny, € A(S) be an aspect of, and Dep(a) = ¢ = Coupling(a) = 0.
¢ € C(S) be aclass of5. Aspect-inheritance dependence
a € A(S) be an aspect of. We modifya to form a
Sar(a) = Z Al(a,c) new aspect’ which is identical taz except thatDep(a) €

Dep(a'), i.e., we add some relationships &0 Let S, be
the AO system which is identical foexcept that aspeet
counts all Al-dependencies between aspeantid all ances-  is replaced by)'. Then

tor classes of:.

ceC(S)

e Coupling(a) < Coupling(a'), and
Example 2 For the example program showed in Figure 1,
Leta = aspectPS_Pr ot ocol andc = classPoi nt , we
can obtain the following results for some coupling measures  property 3 states that if a relationship between an aspect
defined in this section based on the results in Example 1. and a class is added to an AO system, coupling of the system
must not decrease.

e Coupling(S) < Coupling(S,).

e daic(a,¢) =0,0ac(a,c) =3,d1c(a,c) =0

Property 4 (Merging of aspects) Let S be an AO system,
e dmc(a,c) =2,0pc(a,c) =3,06am(ac) =9 a,as € A(S) be two aspects of. Leta’ be the aspect
which is the union ofi; andas. LetS, be the AO system
which is identical toS except thatz; anda, are replaced
bya'. Then

e drv(a,c) =0,0pmm(a,c) =0,0pm(a,c) =3

6 Mathematical Properties of Coupling Mea-
sures e Coupling(ay)+Coupling(as) > Coupling(a'), and

We next study the mathematical properties of our cou- ® Coupling(S) > Coupling(Sa).
pling measures proposed in Section 5. In particular, we look p tv 4 states that . f o ¢ t not
at five mathematical properties proposed by Briand et al.[4] . roperty = states that merging of o aspects must no
for coupling measures of object-oriented systems. Altioug 'N¢¢as€ coupling because relationships disappear (gamel

Briand et al. study these properties from the viewpoint of those between the aspects that have been merged).

object-orientation, we believe that these properties B@ a Property 5 (Merging of unconnected aspectslet S be
useful in studying coupling measures for AO systems. In an AO systema,,a, € A(S) be two aspects af. Let

the following, we refine these properties in order to adapt be the aspect which is the unionafandas. LetS, be
them to study the coupling measures for AO systems. Letthe AO system which is identical fbexcept that;, andas

Couplingbe a candidate measure for coupling of an aspect . replaced by:'. If no relationships exist between and
or an AO systend. We defineDep(a) to be the set of all de- a» in S, then

pendencies betweenand some classes ), and Dep(S)
to be the set of all dependencies between aspects and classese Coupling(a,)+ Coupling(as) = Coupling(a'), and

in systemS. We haveDep(S) = }_ ¢ 4(s) Depl(a). e Coupling(8) = Coupling(S,).

6.1 Property Definitions .
Property 5 states that merging of two aspects that are not

Property 1 (Nonnegativity) Let S be an AO systeny € connected must not affect coupling at all.

A(S) be an aspect af.
(%) P 6.2 Discussion and Comparison of Mea-

e The coupling of5 is nonnegative, i.e., sures

Coupling(S) > 0. For Properties 1, 2, and 3, all of our measures are satis-

e The coupling of: is nonnegative, i.e., fied. For properties 4 and 5, however, we should give some

Coupling(a) > 0. explanations here. Since our coupling measures proposed
’ - in this paper are only focused on dependencies between as-
Property 2 (Null value) LetS be an AO systena, € A(S) pects and classes, it seems that the properties 4 and 5 de-
be an aspect af. scribed in [4] should be refined or re-defined as “merging
of an aspect and a class” and “merging of an unconnected
e The coupling ofS is null if Dep(S) is empty, i.e.,  aspectand class”. However, since merging of an aspect and
Dep(S) = ¢ = Coupling(S) = 0. a class is not valid for an AO system, we can not do so for



Table 1: Properties of Coupling Measures for AO Systems

Measures | Type of coupling |Strength of coupling| inheritance P1 P2 P3 P4 P5
datc(a) type of attributes #attributes non-inh.-based Yes | Yes | Yes | Yes | Yes
dac(a) type of parameters  #parameters non-inh.-based Yes Yes Yes Yes Yes
drc(a) type of parameters  #parameters non-inh.-based Yes | Yes | Yes | Yes | Yes
dmc(a) type of parameters  #parameters non-inh.-based Yes Yes Yes Yes Yes
dpc(a) type of parameters  #parameters non-inh.-based Yes | Yes | Yes | Yes | Yes
danm(a) method call #method calls | non-inh.-based Yes | Yes | Yes | Yes | Yes
Orar(a) method call #method calls | non-inh.-baseq Yes | Yes | Yes | Yes | Yes
O (a) method call #method calls | non-inh.-based Yes | Yes | Yes | Yes | Yes
dpa(a) method call #method calls | non-inh.-baseq Yes | Yes | Yes | Yes | Yes
dar(a) inheritance #ancesters inh.-based | Yes | Yes | Yes | Yes | Yes

properties 4 and 5. However, since it is really meaningful surement for object-oriented systems has also been studied
if we merge two aspects in an AO system, we can refine by Li and Harry [11] who propose some coupling measure
properties 4 and 5 as we showed in this section. in terms of massage passing and data abstraction for object-
Table 1 summarizes the discussion of our measures. Fopriented systems and Martin [15] who proposes efferent and
each measure, we show the type of coupling it uses, theafferent coupling for object-oriented programs. Moreover
factors that determines the strength of coupling, how in- Hitz and Montazeri [10] present a framework for measur-
heritance is dealt with (inheritance-based coupling, non-ing class-level and object-level coupling for object-atid
inheritance-based coupling, or both). The columns P1, P2,systems.
P3, P4, and P5 show whether or not a measure satisfies these
five properties. Although these coupling measures can be used to as-
sess the coupling for object-oriented systems from differ-
ent viewpoints, they can not be directly applied to AO sys-
tems since these approaches only consider the interactions
We discuss some related work in the area of coupling petween classes in object-oriented systems. Since an AO
measurement for object-oriented systems and also measuisystem contains aspects that are significantly differemfr
ing the complexity of AO systems. To the best of our knowl- cjasses in object-oriented systems, new abstraction model
edge, our work is the first attempt to study the coupling are needed for representing various types of interactiens b
measurement for AO systems. tween aspects and classes in order to derive new coupling
measures for AO systems.

7 Related work

7.1 Coupling Measurement in Object-

Oriented Systems

Chidamber and Kemerer [7] propose a coupling measure7.2 Measures for Aspect-Oriented Sys-
called theCoupling Between Obje(CBO) classes to assess tems
class coupling in object-oriented systems. With the CBO
measures, class; is coupled to clas§); if C; usesCy’s
member functions and/or instance variables. CBO counts Zhao [18] proposes a metrics suite for aspect-oriented
the number of classes to which a given class is coupled.software, which are specifically designed to quantify the in
Briand et al. [5] investigate the coupling measures for C++ formation flows in an aspect-oriented program. To this end,
programs. They propose a comprehensive suite of measurekle presents a dependence model for aspect-oriented soft-
to quantify the level of class coupling during the design of ware which is composed of several dependence graphs to
object-oriented systems. Their coupling measures are deexplicitly represent dependence relationships in a mqdule
fined based on various types of interactions between classeslass, or the whole program. Based on the model, he defines
in an object-oriented system. Briand et al [4] also presentsome metrics that can be used to measure the complexity
a unified framework for comparing coupling measures for of an aspect-oriented program from various different view-
object-oriented systems from various viewpoints. Roughly points. Recently, cohesion measurement for AO systems
speaking, our work can be regarded as an extension of théhas also been studied by Zhao and Xu [19]. However, these
work by Briandet.al [5, 4] to handle the unique problems studies do not address the issue on coupling measurement
of coupling measurement for AO systems. Coupling mea- for AO systems.



8 Concluding Remarks [9] B. Henderson-Sellers. Software Metrics. Prentice Hall

) ) Hemel Hempstaed, U.K., 1996.
In this paper, we proposed a measure suite for assess-

ing the coupling in AO systems. We first presented a cou- [10] M. Hitz and B. Montazeri. Measuring Coupling and
pling framework for AO systems which specially designed Cohesion in Object-Oriented Systenfsoceedings of
to count the dependencies between aspects and classes in International Symposium on Applied Corporate Com-
the system. Based on this framework, we formally defined puting pp.25-27, Monterrey, Mexico, October 1995.
various coupling measures in terms of different types of de- . . . .
pendencies between aspects and classes. We also discusséd] W- Liand S. Henry. Object-Oriented Metrics that Pre-
the mathematical properties of these measures in which we  dict Maintainability. Journal of Systems and Software
showed that our measures satisfy the properties that a good ~ V0!-23, No.2, pp.111-222, 1993.

coupling measure should have. o 0[12] G. Kiczales, J. Lamping, A. Mendhekar, C. Maeda, C.
The coupling measures proposed in this paper focused™ °| ;o5 3 M. Loingtier, and J. Irwin, “Aspect-Oriented

only on the dependencies between aspects and classes, Programming, “Proceedings of the 11th European
and did not take dependencies between aspects or between  ~, ¢t o000 on Object-Oriented Programmipg.220-

classes into account. , 242, LNCS, Vol.1241, Springer-Verlag, June 1997.

In our future work, we will study the influence of depen-
dencies between aspects or classes, aspect and class inhefl3] G. Kiczales, J. Lamping, A. Mendhekar, C. Maeda, C.
tances, and other aspect-oriented features on couplingmea  Lopes, J. M. Loingtier, and J. Irwin, “An Overview of
surement of AO systems, and apply our coupling measures  AspectJ,"Proc. 13th European Conference on Object-
to real aspect-oriented system design. Oriented Programmingpp.220-242, LNCS, Vol.1241,

Springer-Verlag, June 2000.
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